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RESUMO



A Formacéo Alianca, integrante do Grupo Brotas, Bacia de Jatob4, representa o primeiro pulso
lacustre que ocorreu durante a fase de inicio de rifte nos primeiros esforcos de separacdo do
Gondwana Ocidental, durante o Neojurassico. Nesse contexto, uma importante fauna de
vertebrados é encontrada em diversos estratos dessa unidade, principalmente na regido de
Ibimirim, Estado de Pernambuco. Os dois objetivos principais desse trabalho incluem: (1)
descrever as tafofaceis de vertebrados e (2) realizar o estudo taxondmico do primeiro féssil de
dinossauro dessa formagdo. A tafocenose encontrada é constituida fundamentalmente por
elementos dsseos desarticulados. A partir da determinacdo de litofacies, de classes tafonémicas
e de aspectos tafondmicos intrinsecos, como representacdo 0ssea, tipos de fraturas, marcas de
abrasdo e coloracdo de dentes e ossos, foram identificadas em calcarenitos as tafofacies A e B,
e em calcilutitos, a tafofacies C. O modelo integrado sugere que a génese das tafofacies esta
ligada a atuacdo do rebaixamento do nivel de dgua do paleolago, e 0s agentes de transporte e
desarticulacdo relacionados a exposicdo subaérea pré-soterramento, a acdo de correntes de
turbidez unidirecionais em aguas rasas e provavel atuacao de tempestades. Para os calcilutitos
da Formacdo Alianca é registrada uma vertebra caudal do primeiro dinossauro ter6pode para
essa unidade, que constitui o registro mais antigo de dinossauro do juréssico brasileiro.
Comparado a terépodes da América do Sul e Africa, esse espécime se aproxima
taxonomicamente de dilophosaurideos do Jurassico Médio. Finalmente, esse dinossauro
representa o primeiro féssil com um amplo poder de correlacdo paleobiogeogréfica e
bioestratigréfica, reforcando a idade do Jurassico tardio paraa Formacdo Alianca.

PALAVRAS-CHAVE: tafofacies, vertebrados, tafonomia, paleolago Juréssico, sistema
lacustre, taxonomia, Dilophosaurus, Gondwana.



ABSTRACT

The Alianca Formation from the Brotas Group, Jatoba Basin, represents the first lacustrine
pulse that occurred during the early rift phase in the first efforts to separate Western Gondwana,
during the Neo-Jurassic. In this context, an important vertebrate fauna is found in several strata
of this unit, mainly in the region of Ibimirim, State of Pernambuco. The two main objectives of
this work include: (1) to describe the vertebrate taphofacies and (2) to carry out a taxonomic
study of the first dinosaur fossil of this formation. The taphocenosis found is basically
constituted by dissociated bone elements. From the determination of lithofacies, taphonomic
classes and intrinsic taphonomic aspects, such as bone representation, types of fractures,
abrasion marks and coloring of teeth and bones, taphofacies A and B were identified in
calcarenites, while the taphofacies C was identified in calcilutites. The integrated model
suggests that the genesis of the taphofacies is linked to lowering of the water paleolake level,
and the transport and disarticulation agents related to pre-burial subaerial exposure, the action
of unidirectional turbidity currents in shallow waters and, likely, action of storms. For
calcilutites of the Alianca Formation, a caudal vertebra of the first theropod dinosaur is recorded
for this unit, which constitutes the oldest record of dinosaur from the Brazilian Jurassic.
Compared to theropods of South America and Africa, this specimen is taxonomically close to
Dilophosaurus from the middle Jurassic. Finally, this dinosaur represents the first fossil with a
broad power of paleobiogeographic and biostratigraphic correlation, reinforcing the late

Jurassic age for Alianca Formation.

KEYWORDS: Taphoféacies, vertebrates, taphonomy, paleolake Jurassic, lacustrine system

Dilophosaurus, Gondwana.
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1 Introducéao

1.1 Apresentacdo

Estudos geoldgicos sdo realizados nas bacias sedimentares do nordeste brasileiro desde
o século XIX (DERBY, 1879). Dentre as bacias marginais litoraneas e as bacias interiores,
destacam-se as bacias do Sistema Rifte Reconcavo-Tucano-Jatobd (RTJ), especialmente a

Bacia de Jatob4, alvo deste estudo.

A Bacia de Jatoba apresenta em seu arcabouco estratigrafico depdsitos oriundos do
Paleozoico ao Cenozoico (ALMEIDA, 1967), e compde a parte final do RTJ. Sua origem esta
relacionada a Depressdo Afro-Brasileira (PONTE & ASMUS, 1978; KUCHLE ET AL., 2011;
FAMBRINI ET AL., 2016), uma feicdo geomorfoldgica que foi preenchida por esses depdsitos,
cuja a génese esta ligada, em parte, a extensdo crustal que fragmentou o Supercontinente
Gondwana, permanecendo como um rifte abortado durante o Aptiano (COSTA et al., 2007).
Os dep06sitos juro-cretacicos de origem continental (lacustre, fluvial e edlico) estdo bem
representados pelo Grupo Brotas (SANTOS et al., 1990; ROCHA & LEITE, 2001). O Grupo
Brotas é composto pela Formacdo Alianca e Formacéo Sergi, e consiste na sequéncia tectono-
sedimentar de inicio de rifte. Essa divisdo tecno-sedimentar foi proposta por Fambrini et al.
(2010, 2011) para a Bacia do Araripe, e adotada e subdivida para a Bacia de Jatoba por Guzman-
Gonzélez et al. (2015a) e Fambrini et al. (2016, 2019).

O objeto desta dissertacédo, a Formacao Aliancga, constitui um pacote sedimentar que tem
despertado atencdo nos ultimos anos dada a presenca de um interessante conjunto de fosseis do
final do Jurassico. Esta Formacdo ainda carece de um melhor entendimento no contexto

estratigrafico e sedimentoldgico, bem como taxonémico e tafonémico.

Os estudos de micro- e macropaleontologia nas unidades que compde a fase de Inicio
de Rifte ainda s&o raros (SILVA, 2012; SOUZA et al., 2012; GUZMAN-GONZALEZ et al.
2016, 2019), principalmente na Formagio Alianca. E sabido que a caréncia na caracterizagio
paleontoldgica pode, por vezes, acarretar graves problemas de interpretacdo estratigrafica,
principalmente na correlagio com ambientes sedimentares similares de outras bacias juro-
cretdceas. Embora a Formacéo Alianca constitua uma unidade relativamente bem mapeada e
caracterizada litologicamente, os pacotes aflorantes na bacia envolvida neste trabalho tem
recebido pouca aten¢do no que consiste ao detalhamento facioldgico e de contatos, bem como
de identificagdo de tafofacies e aporte de novos fosseis de vertebrados.
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A idade da Formacdo Alianca tem sido interpretada como Jurassico Superior, pérem
estudos recentes de litologias semelhantes com conteudo féssil correlato, aflorantes na Bacia
de Lima Campos (PINHEIRO et al., 2011), no Ceara, tem sido datado como Cretaceo Inferior.
Paralelo a isto, datagBes radiométricas da Formacdo Alianaga na Bacia do Recdncavo tém
apontado datas indicando o final do Tridssico a Jurdssico Médio (SILVA et al. 2012). Essa
problematica envolvendo a Formacéao Alianca e outras unidades de bacias interiores levanta um
questionamento sobre a idade dessa unidade, tradicionalmente vinculada ao Andar Dom Jodo,
juntamente com a Formacéo Sergi (VIANNA, 1966; VIANNA ET AL., 1971), Biozona RT-
001 (Oxfordiano/Kimmeridgiano - Tithoniano) do Neojuréssico, com a fase de Inicio de Rifte
nas bacias interiores do Nordeste brasileiro (COIMBRA ET AL., 2002; FAMBRINI ET AL.,
2011).

Este estudo visa contribuir com novos dados, informacdes e interpretacdes a respeito da
geologia e paleontologia da Formacdo Alianca, aportando novos dados e discussdes sobre a
sedimentacdo da fase de Inicio de Rifte que ocorreu nas bacias do Gondwana Ocidental durante

0 Neojurassico.

1.2 Objetivos

1.2.1 Objetivos gerais

O objetivo principal desse trabalho é caracterizar a por¢édo lacustre da fase de Inicio de
Rifte da bacia de Jatoba utilizando estratigrafia, estudo de facies sedimentares e tafofacies, e
contribuir para o conhecimento paleozooldgico e paleogeografico do Juréssico continental do

Nordeste brasileiro.
1.2.2 Objetivos especificos

e Elaborar secbes estratigraficas detalhando as facies sedimentares da formagcéo,
realizando um estudo sistematico das estruturas sedimentares, sistemas
deposicionais, e paleoambiental da Formagéo Alianga.

e Identificar as tafofacies de vertebrados visando a elaboragdo de um modelo

tafonémico;

e Descrever e identificar taxonomicamente pela primeira vez para a Formagdo Alianga
um foéssil de um dinossauro Theropoda, comparando com ocorréncias em unidades

neojurassicas do Gondwana Ocidental.
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A éarea de estudo situa-se proxima as localidades de Macambira e Frutuoso, no

municipio de Ibimirim, distrito de Campos (Fig. 1), na regido central do estado de Pernambuco.

A bacia de Jatoba ocorre como uma faixa orientada NE-SW com uma area de,

aproximadamente, 5.600 km? no sudoeste do estado de Pernambuco, no nordeste brasileiro.

Estudos mais especificos na Bacia de Jatoba comecam a ser realizados na segunda metade do

século XX, impulsionados pelas descobertas de Petroleo na Bacia do Recdncavo. Destaca-se 0

trabalho de Viana et al. (1971), e nos altimos anos os trabalhos de Peraro (1995), Guzman-
Gonzélez et al. (2015a), Fambrini et al. (2016, 2019) e Neumann et al. (2009, 2010, 2013, 2014

e 2017) detalharam com mais acurécia o arcabouco litoldgico da bacia (Figura 1).

Figura 1 — Mapa geoldgico da Bacia de Jatob4 e localizacéo da area de estudo. Fonte: O autor.
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2 Referencial Tebrico

2.1 Bacia Sedimentar de Jatoba
A Bacia sedimentar de Jatoba € integrante do sistema de bacias do tipo rifte abortado

RTJ e tem sua origem ligada aos estagios iniciais de formacdo do Oceano Atlantico Sul, como
um dos bracos de ruptura que foram abortados durante a abertura do oceano (MAGNAVITA &
CUPERTINO, 1987; MAGNAVITA ET AL., 1994, 2002). A orientagdo do RTJ, em esséncia,
é N-S, mudando seu carater na Bacia de Jatoba, onde os registros sedimentares estdo orientados
ENE-WSW por influéncia de reativacdes na Zona de Cisalhamento Pernambuco (ZCPE) no
Eocretdceo e heterogeneidade do embasamento, constituido nessa porcdo pelo Terreno
Pernambuco-Alagoas, no Dominio Sul da Provincia Geotectdnica da Borborema (PERARO,
1995; SILVA-FILHO ET AL., 2013; BRITO NEVES E SILVA-FILHO, 2018).

A bacia ¢ limitada ao norte pela Falha de Ibimirim, uma dentre o conjunto de falhas que
caracterizam o ZCPE. Esta falha condicionou o Graben de Ibimirim, onde estima-se uma
coluna sedimentar de 3.000m de profundidade e uma extensdo de 360 Km2 em area (COSTA
ET AL., 2007). O empilhamento tectono-sedimentar da bacia apresenta diversas sequéncias
distribuidas ao longo dos eventos geoldgicos (Figura 2) e foi subdividido por Guzman et al.,
(2015) e Fambrini et al., (2016, 2019), em: 1) Fase Sinéclise (Grupo Jatoba), composta pelas
formacdes Tacaratu e Inaja; 2) Fase de Inicio de Rifte (Grupo Brotas), formacdes Alianca e
Sergi; 3) Fase de Climax de Rifte, com a formacdo Candeias, Grupo Ilhas, Formacdo Séo

Sebastido; 4) Fase Pds-Rifte, que contém a formacdo Marizal, Grupo Santana e Formacéo Exu.

2.2 A Formacao Alianca
A Formacdo Alianca fazia parte da antiga Formagdo Brotas, reconhecida inicialmente

por Shearer & Barnes (1942, 1949 apud Viana et al. 1971), e elevada a grupo pelo “Estudo da
Bacia” realizado pela Petrobras (1958, segundo Viana et al. 1971). Constituindo a primeira
formagéo integrante da denominada Depressao Afro-Brasileira (Ponte e Asmus, 1978; Ponte,
1992; Ponte e Ponte Filho, 1996a e 1996b), a Formacdo Alianga marca o registro sedimentar
do Neojurassico no inicio da fragmentacdo do Supercontinente Gondwana. Ponte (1994)
reconhece a presenca de correlatos a essa formacéo tanto na Bacia do Jatoba nas bacias Sergipe-

Alagoas e do Araripe.
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Figura 2 — Carta Estratigréfica da Bacia de Jatob4 com base em Moura & Praga (1985), Moura (1988),

Caixeta et al. (1994), Costa et al. (2007), Neumann et al. (2009, 2010), Rocha (2011), Guzman et al. (2015),
Nascimento et al. (2017) e Mendes et al. (2020).
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A Formacdo Alianga, denominada por trabalhos antigos como Folhelho Alianca, é a

unidade basal do Grupo Brotas e subdividida por Viana et al. (1971) em trés membros:

Afligidos, Boipeba e Capianga. O Membro Afligidos, de idade permiana, veio a ser elevado a

formacdo posteriormente por Aguiar e Mato (1990) para a Bacia do Recdncavo. A espessura

da formacdo na Bacia do Jatob4 envolve cerca de 150 m (Rocha e Amaral, 2007) de uma

sucessdo heterolitica composta por folhelhos, argilitos e siltitos roxos a verdes, dominantemente

e, subordinadamente, arenitos, calcarenitos esbranquicados a marrom claro abundantemente

fossiliferos e evaporitos.
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Vianna et al., (1971) caracterizaram o Grupo Brota como andar local Dom Jodo,
realizando um mapeamento de biozonas com ostracodes ndo marinhos. A Biozona RT 001 é
caracterizada por um biozona de abundancia do taxon Theriosynoecum pricei, ainda se
caracteriza essa biozona por uma associacao de outros taxa, como: T. pricei, T. quadrinodosum,
Reconcavona jatobaensis e Alicenula spp. (Arai et al., 2001; Coimbra et al., 2002; Poropat e
Colin, 2012; Guzman-Gonzales et al., 2016, 2020). Além da abundancia de ostracodes, ¢
notavel a presenca de conchostraceos da espécie Cyzicus brauni, e fosseis de vertebrados dos
géneros Lepidotes, Planohybodus e Mawsonia (Silva et al., 2011).

O sistema deposicional corresponde a um ambiente lacustrino com significativo input
fluvial combinado a altas taxas de evaporacdo com deposicdo de evaporitos. Esta formacéo €
correlacionada a Formacdo Bananeiras na Bacia Sergipe-Alagoas, e a Formacdo Brejo Santo
na Bacia do Araripe (Braun 1966, Schaller 1969, Ponte 1994, Valenca et al. 2003, Costa et al.
2007, Assine 2007, Campos Neto et al. 2007, Fambrini et al. 2011, 2013a, Scherer et al. 2014).
Na Bacia do Gab#o, na Africa, é correlacionada aos lamitos do topo da Formagdo M’Vone

(Davison 1999, Mounguengui et al. 2008, Teisserenc e Villemin 1990).
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3 Material e Método

3.1 Descrigéo litoldgica, perfis estratigraficos e caracterizacgéo facioldgica

Os afloramentos estudados da Formacdo Alianca na Bacia do Jatoba ocorrem no
municipio de Ibimirim/PE, perto da localidade de Frutuoso (Figura 3), e sdo denominados como
Modubim, Macambira e Puil. Nessa regido é possivel encontrar o contato sotaposto com a
Formac&o Inaja e o contato sobreposto com a Formacgdo Sergi, assim como se aproxima na
regido do baixo de Frutuoso, onde a formacao possui maior espessura.

Figura 3 — A) localizacdo do estado de Pernambuco; B) contexto tecténico da Bacia de Jatoba; C) mapa
geoldgico do entorno das localidades de Frutuoso e Trocado. Fonte: O autor.
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Foram realizadas quatro etapas de campo, totalizando 16 dias, entre os anos de 2018 a
2021 para estrudos de afloramento, analises facioldgicas e coleta de amostras de rochas, que
foram catalogadas e classificadas. As amostras de rochas areniticas foram classificadas segundo
Dott (1964). Para as amostras de rochas carbonaticas, contudo, existem diferentes classificagdes
na literatura. Para Gabrau (1904), que se baseia no tamanho médio dos gréos, as amostras séo
subdivididas em calcilutitos, calcarenitos e calciruditos, por ordem crescente de granulagéo,
respectivamente. Esta classificacdo € importante, porém nao excludente, para trabalhos de
mapeamento em relacdo a textura da rocha. Outras classifica¢cdes investigam o arcabouco
petrografico da amostra carbonatica. Folk (1962) baseia sua classificacdo na proporg¢éo de graos
alobioguimicos, matriz micritica e cimento esparitico. Enquanto Dunham (1962) utiliza a

textura da rocha unida organicamente durante a deposicdo Figura (4).

A interpretacdo de facies sedimentares e sistemas deposicionais foi baseada em Anadon
et al. (1991), Miall (1977, 1978, 1996, 2000, 2014), Schanley e McCabe (1994), Talbot e Allen
(1996), Tucker & Wright (1990) e Platt e Wright (1991) A construcdo de perfis estratigraficos
foi baseada em Selley (2000). A integracdo de dados geoldgicos, paleontoldgicos e
estratigraficos foram compilados, modelados e agrupados nos softwares Corel Draw e ArcMAP

View.
Figura 4 — Classificacdo de Dunham (1962) vs. Classificacdo de Folk (1062) e modificado por Embry
and Klovan (1971).
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3.2 Analise paleontoldgica, tafonomia e tipificacéo de tafofacies

Os dados paleontoldgicos seguiram coletas seletivas de macro- e microfosseis presentes
na formacéo. A etapa de coleta de fésseis consistiu na procura de vestigios de restos fosseis em
campo, através de uma prospecao minuciosa de afloramentos. Foi também coletado amostras
para lavagem e peneiramento de sedimentos visando pequenos vertebrados, seguindo-se 0s
itens recomendados por Clemens (1965), Grady (1979), Cifelli (1996) e Cifelli et al. (1996). As
etapas envolvidas tiveram inicio com a selecédo de facies favoraveis a preservacao de restos de
pequenos vertebrados, os quais sdo geralmente representados por dentes isolados, 0ssos pos-

cranianos, etc.

Depois de coletado, as amostras de rocha foram submetidas a um processo de preparacao
quimica com Acido Acético ou similares visando a desagregacéo dos grdos. Apos esta etapa,
0 material deve ser secado em estufa. Nos macrofdsseis de maiores dimensdes foram realizados

a preparacdo mecanica com o auxilio de martelo, talhadeira e microretifica Dremil.

Os macrofosseis observados nessas amostras foram visualizados com o auxilio do
estereomicroscopio Zeiss Esteodiscovery V8 e fotografados pela cdmera acoplada Axiocam
MXC. As fotomicrografias foram obtidas pelo software AxioVision Release 4.8. As fotografias
destes foram realizadas com a cdmera Nikon Coolpix P520. Todo o processo metodologico foi
realizado na estruturada do PALEOLAB-DGEO-UFPE, que conta com laboratorio de
preparacdo de fdsseis e sala de Microscopia.

Para as amostras de microfosseis de valor bioestratigrafico, a preparacdo seguiu a
metodologia de preparacao de microfosseis calcarios. O material foi desagregado manualmente
até se obter 62g de amostra e colocado em repouso em um becker com agua durante o periodo
de 24 horas. Como a amostra é extremamente abundante em microfosseis, ndo foi necessario
utilizar o ataque com peroxido de hidrogénio (H202). Em seguida a amostra foi lavada e
separada utilizando cinco empilhamentos de peneiras, em sequéncia descendente: 500, 250,
180, 63 e 45 (Figura 5). Apos a separacdo, as amostras foram secadas em estufa e separadas
para analise em microscopio estereoscépico. Toda a metodologia dessa etapa foi realizada no
Laboratorio de Micropaleontologia Aplicada (LMA-UFPE), integrante do Instituto de Pesquisa
em Petréleo e Energia (LITPEG - PETROBRAS).
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Figura 5 — Preparacdo e separagdo da amostra para triagem. Fonte: O Autor.

Os estudos tafondémicos seguiram diversos autores. A tafonomia foi um termo cunhado
pelo paleontélogo russo Ivan Efremov em 1940. Contudo, estudos prévios a essa data ja
estudavam os preceitos da ciéncia que investiga a formacédo e preservacao dos fésseis. Segundo
Behrensmeyer & Kidwell (1985), tafonomia é a ciéncia que estuda o processo de preservacdo
dos fdsseis e a qualidade do registro fossilifero dentro do arcabouco geoldgico.

Holz & Simdes (2002) e Simdes et al. (2010), dividem a tafonomia em dois campos, A
bioestratinomia e a fossildiagénese (Figura 6). A bioestratinomia € a primeira etapa de
preservacdao do registro fossil, passando pelas fases de decomposicdo, desarticulacdo,
transporte, soterramento, retrabalhamento e soterramento final. A fossildiagenese engloba as
mudancas fisico-quimicas que ocorrem no registro féssil apos o soterramento final.

Figura 6 — Processos tafondmicos por Holz & Simdes (2002).
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Segundo (Kidwell, 1991), Simdes et al. (2010) e Prado (2015), para andlise do

arcabouco tafondmico € necessario a descri¢do de fei¢ces tafondémicas envolvendo os campos

da sedimentologia, paleoecologia, estratigrafia, bioestratinomia e diagénese (Figura 7).

Figura 7 — Feic6es tafondmicas adaptado de Prado (2015).

1. Feighes Sedimentoligicas:

2. Feicdes Bioestratindmicas dos Bioclastos:

Grau de empacotamento dos bioclastos;

Orientaglio dos bioclastos em planta e segfio)

Volume de bioclastos (%) no depdsito;

Grau de articulagiio das carapacas ou esqueletos:

Grau de seleciio dos bioclastos: Fragmentagio;

Tamanho dos bioclastos; Corrosio;

Relacdo (%) de bioclastos e matriz; Incrustacio;

Estruturas  sedimentares inorginicas e biogénicas

associadas;

3. Feighes Estratigrificas da Assembleia Fossilifera: 4. Feighes Paleoecolégicas da  Assembleia

Fossilifera:

Espessura:

Mimero de espécies:

Extensdio lateral;

Abundineia relativa de espécies;

Geometria do depdsito:

Composigio taxondmica

Contatos estratigraficos;

Modo de vida;

Estrutura interna ou microestratigrafia;

Classes de tamanho (idade);

Posigdio na sequéncia deposicional.

Mineralogia e microarquitetura originais.

5. Feicies Diagenéticas dos Bioclastos:

Mineralogia e microarguitetura {preservados)

O agrupamento de feicdes tafondmicas esta para a interpretacdo de tafofacies, assim

como a trama litoldgica estd para interpretacdo de facies litologicas. E preciso analisar o

conjunto de feicBes para chegar em um denominador comum para reconstrucdo de tafofacies e

determinar classes tafonémicas que tenham feicbes em comum para 0 mesmo depdsito

sedimentar/fossilifero. A amarracdo das classes tafondmicas com o arcabouco litoldgico

(litofaceis) gera a tipificacdo das tafofacies. Essa metodologia é amplamente usada para

vertebrados e representa o estagio da geracdo tafondmica e da tafocenose dos restos esqueletais
(Dodson, 1971; Gradzinsky, 1970; Holz e Barberena, 1994; Soares, 2003).
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4 Resultados

Os resultados desta dissertacao estao estruturados na forma de artigos cientificos em periodicos
indexados na area de Geociéncias da Coordernacdo de Aperfeicoamente Pessoal (CAPES), em
conformidade com o regimento do Programa de Po6s-Graduacdo de Geociéncias
(PPGEOC/UFPE). Encontram-se organizados em dois manuscritos. O primeiro artigo
denomina-se “Vertebrate taphonomy and taphofacies of the Capianga Member, Alianca
Formation (Jurassic), Jatoba Basin, Brazil”, trata da analise de fei¢des, classes tafonémicas e
descricdo das tafofacies. O segundo artigo denomina-se: “The first dinosaur from the Late
Jurassic Alianca Formation of northeastern Brazil, west Gondwana: a basal Neotheropoda and
its paleobiogeographical significance”. Relata a ocorréncia do primeiro dinossauro teropode da
Formacdo Alianga, conjuntamente com a analise sistemética paleontol6gica, comparacdes
anatdmicas e discusséo a respeito da paleobiogeografia do Gondwana Ocidental. Ambos foram

submetidos e publicados no Journal of South American Earth Sciences.
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Abstract:

In addition to the study of sedimentary facies, the reconstruction of paleoenvironments
depends on a detailed understanding of the taphonomy of a fossil accumulation. The Capianga
Member of the Alianca Formation (Middle to Late Jurassic of the Jatoba Basin, northeastern
Brazil) reveals vertebrate fossil accumulations composed predominantly of disarticulated
bone and osteoderms, scales, spines and isolated teeth from a lacustrine paleoenvironment.
However, the taphonomic history of the accumulation has not yet been studied extensively.
The present work aims to interpret taphonomic facies based on lithological data and the
systematic collection of fossils from the Capianga Member of the Alianca Formation, located
in the northeastern portion of the Jatoba Basin, mainly in the municipality of Ibimirim. Six
lithofacies were identified: Fm — massive claystones, FI — Shale laminated Lt — calcilutites, Lc
— calcarenites, Gf — fibrous gypsum and Scl — calciferous sandstones. Two primary
taphonomic classes were recognized, consisting essentially of disarticulated elements,
including (1) incomplete, semi-complete, or rarely complete bioclasts (such as osteoderms
and fish scales) and (2) small-sized, occasionally complete bioclasts (osteoderms and scales)
that sometimes compose bonebeds. According to the vertebrate taphonomy characteristics,
three taphofacies were identified, with the Taphofacies A and B occurring in calcarenites and
the Taphofacies C in calcilutites. The interpretation of these taphofacies reveals a multi-
episodic history of the lacustrine environment. The integrated model suggests that the genesis
of the identified taphofacies is linked to the action of lowering the water level of the
paleolake, as well as the agents responsible for transport and disarticulation. These agents are
related to pre-burial sub-aerial exposure, the action of unidirectional turbidity currents in
shallow waters, and the likely influence of storms.
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1. Introduction

Taphonomic studies on Mesozoic faunas of Brazilian basins, particularly those of the
Jurassic period, are scarce, especially that investigate the causes of death and the preservation
of vertebrate fauna. In this context, the Capianga Member of the Alianga Formation (Jurassic
of Jatob& Basin) presents a singular vertebrate fauna, composed mainly of highly fragmented
bone and dermal elements, scales, spines and isolated teeth, restricted to disjointed remains.
This vertebrate-bearing fossil record is extremely important, as it is located in a poorly sampled
paleogeographic sector of Western Gondwana (Goodwin et al. 2019). Previous research on the
Capianga Member has predominantly focused on paleontological systematics (Silva 2012;
Carvalho et al. 2021) and the regional tectonostratigraphic evolution of the Jatoba Basin (Braun
1966; Schaller 1969; Ponte 1994; Valenca et al. 2003; Costa et al. 2007; Campos Neto et al.
2007; Neumann et al. 2010, 2013, 2017; Neumann and Rocha, 2014; Guzman-Gonzalez et al.,
2015, 2016, 2020; Fambrini et al. 2016, 2019, 20234, b), with no research on the taphonomical
accumulation.

Regarding its vertebrate fauna, Silva (2012) conducted a study on paleoenvironmental
reconstruction utilizing systematic and paleoecological aspects of paleovertebrates from the
Capianga Member. That author described cranial bones of actinistian fish from Mawsonia,
dental plates of dipnoi fish Ceratodus, scales and bones of “Lepidotes ”, teeth and fin spines of
the hibodontiform shark aff. Planohybodus sp., and teeth and osteoderms of Mesoeucrocodylia
indet. Recently, Carvalho et al. (2021) described new skeletal remains of crocodylomorphs, and
De Oliveira et al. (2022) provided the first description of a basal Theropoda from the Capianga
Member. The reworked fossil assemblage of the Capianga Member occurs within the
calcarenites and, to a lesser extent, within the calcilutites (De Oliveira et al. 2022), but there are
no studies recognizing its main taphonomic features to date. This raises an important question
regarding the expected preservation mode for typical lacustrine environments (i.e. good
preservation and presence of articulated elements).

This study aims to interpret taphofacies based on sedimentological data and the
taphonomic classes identified in the Capianga Member of the Alianca Formation, located in the
northeastern portion of the Jatoba Basin, northeastern Brazil. Our main results and conclusions
shed light on the depositional and preservation aspects of vertebrates in lacustrine environments
as well as improve the knowledge on the paleoenvironment during the Jurassic of northeastern
South America.

2. Geologic setting

The Alianca Formation, together with the overlying Sergi Formation, is part of the
Brotas Group, first referenced by Shearer and Barnes (1942, 1949) and formally recognized by
Viana et al. (1971). This group represents the earliest sedimentary occurrence in the basin,
recording the initial efforts of separation of the Gondwana Supercontinent. The Gondwana
breakup resulted in three rift segments, two of which formed the Atlantic Ocean, while a third
was aborted, giving rise to the aulacogen basin system of the Recéncavo-Tucano-Jatoba Rift
System (RTJ) (Magnavita and Cupertino 1987; Magnavita et al. 1994, 2012). The Reconcavo
and Tucano basins display a N-S orientation, whereas the Jatoba Basin exhibits an ENE-WSW
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orientation (Peraro 1995), linked to pre-existing structures of the crystalline basement and the
Pernambuco Shear Zone (ZCPE).

The Early Rift phase (sensu Fambrini et al. 2010, 2011, 2013; Kuchle et al. 2011;
Guzman et al. 2015a, 2015b, 2016; Fambrini et al. 2016, 2019a, 2023a, 2023b) characterizes
the initial movements of fragmentation and separation of the Gondwana Supercontinent. During
this phase, fluvio-eolian-lacustrine deposits are represented in the Alianca and Sergi formations
within the RTJ. The Alianca Formation portrays lacustrine deposits influenced by fluvial
activity during the tectonostratigraphic Early Rift phase of the Jatoba Basin (Fig. 1).

In formal lithostratigraphic terms, Alianga Formation is subdivided into the Boipeba and
Capianga members, with the latter being the sole unit occurring in the eastern portion of the
basin. The Capianga Member exhibits a thickness of 150 meters, representing the maximum
flooding surface of the initial lacustrine pulse within the basin (Rocha and Amaral 2007; Kuchle
et al. 2011; Rocha 2011). Kuchle et al. (2011) identified the facies assemblage studied here as
part of the final portion of the first fluvio-lacustrine sequence deposited following the onset of
the fragmentation of Western Gondwana. In South America and Africa, correlates of the
Alianca Formation are identified in the Sergipe-Alagoas, Araripe and Gabon basins: Bananeiras
Formation (Schaller 1969; Davison 1999; Campos Neto et al. 2007; Kifumbi et al. 2017; Castro
etal. 2019), Brejo Santo Formation (Braun 1966; Ponte 1994; Valenca et al. 2003; Assine 2007;
Fambrini et al. 2011, 2013; Scherer et al. 2014) and M'Vone Formation (Teisserenc and
Villemin 1990; Mounguengui et al. 2002, 2008), respectively.

The paleogeographic context of this formation suggests an extensive area characterized
by an endorheic drainage basin, identified as the “Afro-Brazilian Depression” (Cesero and
Ponte 1972; Ponte and Asmus 1978; Da Rosa and Garcia 2000; Fambrini et al. 2010, 2011;
Kuchle etal. 2011; Fambrini et al. 2017, 2019a; Castro et al. 2019; Fambrini et al. 2023a, 2023b,
2023c), where drainage systems exhibited a circumscribed pattern, with river discharge
unconnected to a marine environment (Kuchle et al. 2011), fostering the development of a
lacustrine depositional system.

In this context, several authors have studied the Jurassic fauna inhabiting the central
region of Western Gondwana. Among these, the study of biozonation using ostracods
conducted by Viana (1966) and Viana et al. (1971) stands out, where the Brotas Group was
placed in the local Dom Jodo stage (Biozone RT-001) of Tithonian age, characterized by the
abundance of taxa such as Theriosynoecum, Reconcavona, and Alicenula, all representing
freshwater ostracods (Guzman-Gonzalez et al. 2016, 2020). Associated with the ostracod fauna,
conchostracans of the genus Cyzicus have been described (Cardoso 1966; Carvalho 1993),
further indicating the continental nature of these deposits. De Oliveira et al. (2022) described
the first dinosaur Theropoda for the Capianga Member, pointing out the affinity of the described
vertebra with basal neotheropods of the Dilophosauridae clade also represented in formations
from the early to mid-Jurassic (Madsen 1976; Coria and Salgado 1998; Marsh and Rowe 2020)
of North America, South Africa, and Antarctica. Consequently, De Oliveira et al. (2022)
proposed a Middle to Late Jurassic age for the Capianga Member.

3. Material and methods

The specimens studied originate from two paleontological sites: Mudobim — MB
(661780 E; 9056051 N) and Macambira — MC (661107 E; 9053926 N) (Fig. 1E), both part of
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the Campos locality in the municipality of Ibimirim, state of Pernambuco. Despite the distance
between the paleontological sites of 500 meters approximately, both are stratigraphically
correlated. The samples are cataloged and stored in the Paleontology Laboratory (Paleolab) of
the Department of Geology at the Federal University of Pernambuco (DGEO-UFPE).

The analysis of sedimentary facies followed studies on lacustrine environments (e.g.
Anadon et al. 1991; Talbot and Allen 1996; Malka et al. 1999; Bohacs et al. 2000; Bordy and
Catuneanu 2001; Jones et al. 2001; Cavinato et al. 2002; Saez and Cabrera 2002; Bohacs et al.
2003; Scherer et al. 2007) as well as fluvial environments (e.g. Miall 1978, 1996, 2006a, 2014).
Analyses of factors such as lithology, sedimentary structures, body geometries, paleocurrent
patterns, and associated fossils were necessary for lithofacies characterization and interpretation
of the depositional system.

To determine the taphonomic aspects of the Capianga Member, various macro- and
microvertebrates were collected over years of research by us, expanding the fossil assemblage
of the formation. The gathering was carried out using hammers, chisels and brushes, respecting
the taphonomic aspects of the occurrences. This study was concentrated in 125 specimens from
the calcarenites and calcilutites. Of these, 75 were taxonomically identified, while 50 are
unidentified bone fragments, both taxonomical and anatomical. All the elements collected are
small and fragmented, an intrinsic characteristic of the Capianga member fossils.

The collected fossils were analyzed using a Zeiss Stereodiscovery V8 stereomicroscope
and photographed using an attached Axiocam MXC camera. Photomicrographs were obtained
using AxioVision Release 4.8 software. For macrofossils embedded in calcarenites, mechanical
preparation was carried out using a hammer, chisel, and Dremil microgrinder. Photographs
were taken with a Canon TS3 camera.

Araujo-Junior et al. (2012) emphasize that the representation of bones in the fossil
assemblage reveals important information about taphonomic processes, such as the
accumulation of skeletal remains by physical and biological agents (Behrensmeyer 1991;
Lyman 1994) and the intensity of transport agents (Voorhies 1969; Behrensmeyer 1975). The
convergence of these taphonomic factors within a sedimentary deposit supports
paleoenvironmental interpretation (Cladera et al. 2004).

We utilized the three groups of transportability by Voorhies (1969). Voorhies (1969)
conducted a systematic study on transport intensity, identifying categories as autochthonous,
parautochthonous, and allochthonous for recent sheep and coyote bones found in fluvial
channels. In addition, three groups of transportability were presented. Voorhies' groups have
limited results when the fossil assemblage comprises large vertebrates like dinosaurs and
Quaternary megafauna mammals (Myers and Storrs 2007; Aradjo-Janior et al. 2012), as they
disregard factors such as density, shape, and weight, behaving as sedimentary particles during
fluvial transport (Behrensmeyer 1975). In this context, results are more reliable when applying
the Fluvial Transport Index (FTI) coined by Frison and Todd (1986), based on experiments
with recent Indian elephant bones. As the studied fossil assemblage contains a variety of sizes,
from small fish bones to medium to large vertebrate bones such as mawsoniids, coelacanths,
and sauropods, both VVoorhies' groups and FT1 were applied to their respective groups. For the
analysis of transportability in large vertebrates, it is essential to correlate the FT1 with the
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Number of Identifiable Skeletal Parts (NISP). For this correlation, the Paleontological Statistics
software (PAST; Hammer et al. 2001) was used.

To qualify, quantify, and describe the taphonomic history of the fossil, Behrensmeyer's
(1978) six stages of weathering were applied. These stages highlight the presence or absence
of soft parts, the number of fractures, tooth and bone coloration, and the presence and intensity
of abrasion and dissection marks. To improve the presentation of the data, the Behrensmeyer
stages will be described together with the taphofacies analysis. Analyzing the intensity of
abrasion marks is an important tool for inferring the hydraulic transportation. These attributes
are produced during the biostratinomic phase, where the fossil material undergoes traction
during transportation, colliding with external physical agents such as water, sediments, and
other fossils (Shipman 1981; Uzunidis et al. 2021).

Regarding skeletal disarticulation, several studies establish taphonomic classes based
on the degree of skeletal articulation, characterizing completely articulated, partially
articulated, or completely disarticulated skeletons (Gradzinsky 1970; Dodson 1971; Holz and
Barberena 1994). As the majority of fossils in this study lack articulation, the taphonomic
classification of skeletal material was limited to types of fractures, abrasion marks, weathering
degree, disarticulation, and transportability groups (Voorhies 1969; Behrensmeyer 1978, 1991,
Smith 1993).

4. Sedimentary facies

For taphonomic characterization, it was essential to relate the preservation of the fossils
in each lithofacies to the genetic process of the facies in question. Based on the studied outcrops
and the sedimentary log raised from Macambira and Modubim outcrops (Fig. 2), six lithofacies
were characterized for the Capianga Member, described in Table 1 and represented in Figure
4. Thus, the following lithofacies were identified: massive mudstone facies (Fm); Laminated
shales facies (FI); calcilutite facies (Lt); fibrous gypsum facies (Gf); calcarenite facies (Lc);
laminated calcareous sandstone facies (Scl).

5. Results
5.1 Facies Associations

The interpretation of depositional processes and lithofacies indicates that these seven
lithofacies of the Alianca Formation were deposited in two major lacustrine subenvironments,
which are described below.

5.1.1 Wave-dominated Coastal Lake Environment (WCLE)

A coastal lacustrine environment dominated by waves is represented by the lake margin
facies association, consisting of carbonate banks, cream-colored calcarenites beds together with
greenish calcilutites (Fig. 4A), and rare occurrences of gypsum in synaeresis cracks (Fig. 3D),
along with laminated calcareous sandstones and marl layers. Sedimentary structures found
include cross-bedding, low-angle cross-bedding, shrinkage cracks, and abundant ripple marks.
Petrography reveals that the carbonate banks are primarily composed of ostracod carapaces
embedded in a micritic matrix, along with rare conchostracans (Figs. 4D, 4E).

Interpretation: Ripple marks and syneresis cracks are concentrated in the carbonate
banks. This suggests a coastal or beach environment, where wave action was present, evidenced
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by low-angle cross-bedding and rapid evaporation. The occurrence of fibrous gypsum suggests
a saline environment. Additionally, there are trace fossils of abundant but low diversity
invertebrates, preliminarily classified as the ichnogenera Planolites Nicholson, 1873 (Fig. 4B),
and Spongeliomorpha Saporta, 1887 (Fig. 4C), also indicating shallow lacustrine conditions.

5.1.2 Distal Lake Environment (DALE)

The association of distal lake is represented by the association of low-energy facies (Fig.
5), characterized by massive reddish mudstones and interbedded greenish calcilutites (Lt) (Figs.
5B, 5C, 5D, 5E), with mudstones predominating. Occur display mottling aspect. The laminated
shales exhibit fissility in rare portions. In outcrops, the mudstones appear in eroded gullies in
the Imibirim region, while in other parts of the basin, such as in the city of Petrolandia, outcrops
occur more vertically (Fig. 6). The mudstones commonly feature irregular pedogenic clay films,
burrows, root marks, mud clasts, crystal molds and pseudomorphs, calcite-lined vugs, caliche-
like pedogenic calcite nodules and stringers, as well as locally abundant, detrital muscovite.
The greenish-gray massive rocks are generally coarser-grained than the red massive rocks. Red
massive mudstone also contains pseudomorphic gypsum thin beds. A limited number of
invertebrate fossils, including ostracods and conchostracans, are found in certain red massive
mudstones, and more rarely, in some of the greenish-gray sediments.

Interpretation: Mudflats have the characteristics of distal deposits in the lake
environment, with thick beds of mud formed when the lake level rises. Subaerial exposure of
nearshore lacustrine rocks after a lake level drop triggered intense and prolonged mudcracking,
bioturbation, growth of evaporite crystals, and pedogenic processes. The existence of irregular
clay films, calcite-lined vugs, and calcite nodules and stringers in the red rocks suggests that
these facies might partly represent a paleosol. Pedogenic calcite nodules indicate deposition in
a hydrologically enclosed basin characterized by high evapotranspiration rates. These nodules
resemble caliche, which forms in semiarid to arid climates with low sedimentation rates,
seasonal precipitation, and a source of calcium ions (Hubert 1978; Retallack 1994; Demko
2004; Tanner 2010).

5.2 Taphonomy
5.2.1 Bone Representativeness and FTI

A total of 125 specimens were analyzed (Figs. 7), which represent bony and
cartilaginous fishes, as well as tetrapods (archosaurs). Of this total, 40 are scales (32%), 26 are
teeth (20.8%), 3 are vertebrae (2.4%), 2 are shark spines (1.6%), 1 is a humerus fragment
(0.8%), one is a femur fragment (0.8%), one is an osteoderm (0.8%), one is an incomplete
mandible (0.8%), and 50 are unidentified bones (40%). Most measure between 0.3 and 2.5 cm
long. Larger specimens can reach up to 5 cm (osteoderms, vertebrae, shark spine). Silva et al.
(2012) recorded a very complete dorsal fin spine of a hybodontid shark, which measures
approximately 10 cm in length, missing only the apical portion, which is quite rare in
accumulation. With regard to the post-cranial materials, few elements can be identified, mostly
being indeterminate. Cranial bones were not identified. It is important to mention that the
number of relative individuals (Fig. 7) was established with the presence of at least one
identified bone element referring to that taxon.

5.2.2 Spearman’s Non-parametric Correlation
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According to Frison and Todd (1986), when the skeletal element's FTI value is above
75, it correlates with VVoorhies' Group I. When the value ranges from 75 to 50, it correlates with
Group I1, while elements with values below 50 are assigned to Group I11. Concerning statistical
values, non-parametric Spearman correlation was applied between FTI values and NISP values
for the analyzed taphocenosis (Table 2).

The Spearman non-parametric correlation between the NISP and FTI values for the
fossil accumulation of the Capianga Member from Ibimirim resulted in a Rho value of 0.77,
with a statistically significant value (p) of 0.5. According to Araudjo-Junior et al. (2012),
Spearman’s non-parametric correlation values can range from -1 to +1, where values close to -
1 represent a set of less transportable skeletal elements, and +1 represent more transportable
skeletal elements. The value of +0.77 indicates a fossil assemblage conditioned by hydraulic
selection (sensu Behrensmeyer, 1983; Behrensmeyer and Hook, 1992; Lyman, 1994). This
result is also supported by the quantity of scales and teeth, elements marked by high
transportability (Voorhies Group 1), even though these elements were not included in the
comparative FTI analysis. Elements such as vertebrae, femur, humerus, and incomplete
mandibles are found in the calcarenite facies, associated with the edge of the lacustrine body.
As expected, these parameters indicate that some skeletal elements of terrestrial tetrapods are
parautochthonous, given the strong hydraulic conditioning. The high degree of transportability
in skeletal elements belonging to aquatic forms is interpreted by us as being due to the cyclicity
of the lithofacies of the lake system (see taphonomic model below).

5.2.3 Application of VVoorhies Groups

Statistical values related to the VVoorhies Groups are presented in Figure 8. Both small
and medium-to-large specimens of the studied taphocoenosis were considered. Approximately
94.67% of the elements in the fossil accumulation are related to VVoorhies Group I, illustrated
by the high concentration of scales, teeth, and less frequently vertebrae. The remaining 5.33%
are included in VVoorhies Group Il. It is noteworthy the absence of elements of the Group I,
related to low transport capacity. This result is consistent with the FT1 values obtained, where
50% of the assembly has FTI values greater than 75 (Fig. 9). Although 33.3% of the fossil
assemblage has FTI values less than 50, represented by medium-to-large bone elements, the
data obtained from the Spearman nonparametric correlation indicate a strong conditioning of
the fossil assemblage by hydraulic currents.

5.2.4 Types of Fractures

Fossil fractures originate both in the biostratinomic phase due to weathering, predator
chewing, trampling, and transport, as well as during fossil-diagenesis, during burial, due to
compression and weight of overlying sedimentary layers (Shipman et al. 1981; Badam et al.
1986; Lyman 1994; Cladera et al. 2004; Medeiros 2010; Sinibaldi 2010; Bergquvist et al. 2011).
Smaller bone elements mostly exhibit fractures perpendicular to the bone’s longest axis. Larger
elements, such as vertebrae, partial fish mandibles, and fragments of humeri and femurs, are
recognized with at least two planes of fractures, perpendicular and parallel to the major axis of
the bones (Fig. 10A).

5.2.5 Abrasion marks
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The abrasion marks are more present and evident on the vertebrae, appearing as uniform
grooves along the fossil with rounded, smooth ends (Fig. 10B), and also on the larger bones of
the fish (Figs. 11 and 13).

5.2.6 Teeth and Bones colors

The scales are the elements that show the greatest resistance to color change and do not
vary with the change in lithofacies. However, the color of the teeth and vertebrae (Fig. 11)
varies according to the lithofacies. Teeth may also preserve clear enamel in calcilutites, while
losing enamel and becoming darker in calcarenites. The most recurrent changes in Lt are more
visible alterations in larger bones (e.g. vertebrae — Fig. 11), where, in the post-burial stage,
interstitial fluids rich in iron from the lithologic framework (Lt and Lm) were responsible for
altering the surface color, creating a reddish and non-uniform cap along the specimens.

6. Discussion
6.1 Taphonomic Classes

All vertebrate specimens collected to date from the Capianga Member are disarticulated
elements exhibiting an intense degree of reworking. These signatures may be the result of a
longer duration of the pre-burial/post-mortem subaerial exposure period, suggesting a moderate
to high energy level of transportability by hydraulic current and other factors, such as trampling
and possibly carnivore/necrophagy chewing. As Holz and Simdes (2002) emphasize, a high
degree of fragmentation will only be associated with hydraulic transport if there is selection of
skeletal components.

Given these premises, two taphonomic classes were identified (Fig. 12). The Class 1 is
composed of isolated, semi-complete specimens (vertebrae and long bones) to rarely complete
specimens (e.g. osteoderms and scales), with relative diagenetic alteration. The Class 2 is
formed by a cluster of small-sized specimens, sometimes forming bonebeds, including
undetermined bone fragments, isolated teeth, incomplete mandibles, and scales, exhibiting,
some of them, strong weathering alteration.

6.2 Taphofacies

Three taphofacies were identified (Table 3, Figs. 13, 14, 15, 16), based on the
concentration of skeletal content, alteration in fossils (such as fractures, abrasion, and color
alteration), lithology, and pre-burial/post-mortem event. The predominant taphonomic features
in the fossil elements of the Capianga Member include disarticulation and a high degree of
fragmentation, being represented exclusively by isolated elements, ranging from millimeters to
centimeters in size. Hill and Behrensmeyer (1984) consider both aquatic and subaerial
disarticulation as rapid processes. The processes of reworking in lake environments are related
to dry periods or floods resulting from storms, where the hydraulic current (sometimes
turbidity) remobilizes the fossils before the burial period, increasing the degree of
disarticulation and isolating the fossils in the sedimentary record (Seilacher 1991; Soares 2003).
Skeletal remains of vertebrates with preserved bone anatomical complexity (e.g.
prezygapophysis and transverse process in the vertebrae - Fig. 16) are better indicators of rapid
burial (Speyer and Brett 1988).
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TF-A (Fig. 13) is composed of isolated medium-sized vertebrate bioclasts with a
dispersed packing degree in calcarenites associated with ostracods, conchostracans, and trace
fossils. The fossils in this taphofacies are moderately fractured, with some color alteration and
little abrasion. Most specimens are post-cranial bones, characterizing Voorhie’s Group 11, with
intermediate transportability. Concerning Behrensmeyer’s weathering stages (Behrensmeyer
1978), the taphofacies fall within stage 4, with fibrous texture, loose bone splinters, and open
cracks. The TF-A is associated with the coastal lake environment. The reworking of these
fossils can be related to the hydraulic energy of waves at the edges during dry periods and
floods, evidenced by the wave marks on the calcarenites. In terms of color alteration, the fossils
in TF-A show significant changes. The pre-burial/post-mortem period was interpreted as short
to medium, attributing a shorter biostratinomy history to samples of this taphofacies.

TF-B (Fig. 14) is classified as a bone bed, consisting of disarticulated fragments of small
specimens (microvertebrates), partial jaws, teeth and scales with no preferential orientation.
The specimens of this taphofacies are small, measuring less than 2 centimeters on average. In
Voorhies' classification (1969), this taphofacies belongs to the highly transportable Group I,
associated with numerous fragments of small bones and scales. This group of fossils has a high
potential for buoyancy, which can be easily dispersed by the hydraulic current. Among the
Behrensmeyer's (1978) weathering stages, the taphofacies fall within stage 3, with rough bone
surface, fibrous texture, and cracks. Most of this material shows rounding and polishing. This
type of deposit presents great possibilities for time-averaging (temporal mixing), grouping non-
contemporaneous individuals, which would indicate a relatively longer pre-burial/post-mortem
period (Holz and Simdes 2002). The TF-B is associated with the coastal lake environment.

TF-C (Figs. 15, 16) is composed of vertebrae (up to 5 cm), isolated semi-complete shark
teeth and incomplete bone fish teeth (size of 5 mm) in calcilutite, dispersedly packed. They
occur in the lower energy lithofacies, associated with the distal lake environment. Given the
Voorhies’ groups (1969), both the vertebrae and the teeth represent Group I, with easy
transportability. One possible interpretation for the greenish calcilutite lithofacies is fluvial
input into the lake environment during floods/storms; thus, the sediment flow would carry the
remains from the lake shore to deeper regions. The post-mortem/pre-burial period is much
shorter, and there is a more reduced biostratinomy history. This sediment flow occurs
cohesively, moderately reworking the material, such as isolated vertebrae (Fig. 16). Weathering
alterations are observed on this vertebra, such as cracked and rounded edges, presence of
abrasion marks, and few fractures, characterizing Behrensmeyer’s stage 2 (Behrensmeyer
1978). The teeth do not show significant enamel color alteration, due to better preservation
conditions in the carbonate substrate (Sales 2005).

6.3 Taphonomic Model

After presenting all the data, it was possible to generate a representation of the lake
system (Fig. 17) and a taphonomic model (Fig. 18) based on reworked bone elements, using
characteristics such as concentrations of fossil assemblages, Voorhies’ Groups, Fluvial
Transport index (FTI), non-parametric Spearman’s correlation, Behrensmeyer’s Weathering
Stage, types of fracture, abrasion marks, tooth and bone coloration, and disarticulation. Three
taphofacies (TF-A, TF-B, and TF-C) were determined in parallel with the mapped lithofacies
and description of the facies associations of the lacustrine system. The integration of these
variables strengthens the proposed taphonomic model and provides new parameters in the
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paleogeographic reconstruction of the Middle-late Jurassic in this portion of Western
Gondwana.

The interpretation of these three taphofacies reveals a multi-episode history of the
lacustrine environment. The model (Fig. 18) begins with a moderate water depth, which allowed
for a considerable optical zone, where ostracode and conchostracan faunas developed along the
lake’s edge, enabling the formation of carbonate banks by suspension in lithofacies Lc. In
parallel to this, tetrapods and small bony fishes formed the taphocoenosis of taphofacies TF-A.
A local variation is found in lithofacies Lc (Fig. 18C), characterizing taphofacies TF-B, which
is conceptualized in this work as a bonebed, consisting of a dense and reworked accumulation
of teeth, scales, mandibles, maxillae, as well as small bony fish fragments and shark teeth.

In a area further from the edge, delimited by a thermocline, the calcilutites of the Lt
lithofacies were deposited (Fig. 18B). Teeth of fish and sharks that compose the taphocoenosis
of taphofacies TF-C are characterized by a higher index of buoyancy, together with a caudal
vertebra of a theropod exhibiting a lower degree of reworking than the vertebra found in
taphofacies TF-A. This reworking process is attributed to abrasion marks resulting from
hydraulic transport.

The presence of sedimentary structures such as climbing ripple cross-bedding in the
lithofacies of calcarenites suggests the action of unidirectional currents. Additionally, wavy
cross-stratification, exhibiting low-angle cross-lamination, consistent with wave action caused
by storms, is recorded (Figs. 3E, 3G). In addition to causing greater river discharge, storms
would most likely be the main reason for the intense reworking observed in the fossils of the
Capianga Member, as pointed out by Seilacher (1991) and Soares (2003) for shallow marine
environments. In periods when the storms cease and the climate becomes warmer, the water
level of the lacustrine environment decreases (Fig. 18C), the contraction phase on the lacustrine
system, concentrating CaSQO4, which alters the salinity of the aqueous body, possibly leading to
the death of ostracods and conchostracans, which in the Capianga Member, is evidenced by the
deposition of the fibrous gypsum lithofacies. At this stage, the fossils would undergo greater
reworking due to remobilization and transportation, primarily by wave action, and possible
scavenger activity. These storms would still occur over a short period of time and in an intense
manner, with a sudden climatic change, favoring rapid decomposition and disarticulation of the
entire taphocoenosis of the lacustrine environment.

7. Conclusions

The results of the sedimentological and taphonomic analyses of the Capianga Member
of the Alianca Formation, achieved from a multi-scale and multi-sample perspective, allowed
the interpretation of a taphonomic evolutionary model for the Capianga Member, based on the
recognition of different facies according to their compositional, textural and taphonomic
properties.

All the vertebrate fossils collected so far in the Capianga Member, which outcrops in
the northeastern portion of the Jatoba Basin, are represented by disarticulated bone elements,
showing an intense degree of reworking, resulting from a longer period of subaerial exposure,
where factors such as trampling and possibly chewing by carnivores/scavengers may also have
played a role.
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Two taphonomic classes were identified. The Class 1 consists of isolated bones, semi-
complete (vertebrae and long bones) to rarely complete bones (e.g. osteoderms and scales), with
relative diagenetic alteration. The Class 2 is formed by a cluster of small-sized fossils,
sometimes forming bonebeds, including undetermined bone fragments, isolated teeth,
incomplete jaws, and scales.

From lithological data and the systematic collection of fossils, six lithofacies for the
Capianga Member were identified: massive mudstones, laminated shales, calclutites,
calcarenites, fibrous gypsum, and calcareous sandstones; as well as visualizing the lake system
in two environments, coast lake environment and distal lake environment.

Through the integration of taphonomic data with lithofacies, three taphofacies were
identified. These tafofacies show that the reworking events observed in the fossils of the
Capianga Member were caused by the action of unidirectional currents, storm waves and the
subsequent lowering of the lake level during warmer and drier periods, which remobilized the
bioclasts. Thus, cycles of low and high rainfall alternated in a probable warm paleoclimate in
Western Gondwana, evidenced in the strata by carbonate levels exhibiting upward ripple cross-
stratification, massive mudstones and centimetric levels of gypsum. Future studies involving
the geochemistry of carbonates, particularly in the calcarenite and calcilutite facies, will be
extremely important to reinforce the hypotheses described here about the Jurassic climate in
this part of Gondwana
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CAPTIONS

FIG. 1.—Geologic map of the Jatoba. A) Map of South America. B) Location of the Jatoba
Basin in the state of Pernambuco. C) Geologic map of the Jatoba Basin with the location of the
outcrops in the Ibimirim region. D) Zoom in on the geological map of the Jatoba Basin in the
Ibimirim region. E) Local geological map of the Macambira and Modubim outcrops.
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FIG. 2—Schematic columnar sections of the Capianga Member. A-E) outcrop of Macambira
section. F-J) outcrop Modubim section.
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FIG. 3.—Facies identified in the Capianga Member. A) Calciferous sandstones (Scl) followed
by massive mudstones (Fm). B) Calcilutites (Lt), massive mudstones (Fm) and laminated shales
(FI). C) Calcarenites (Lc) with cracks and wavy marks. D) Calcarenites (Lc) with crevices and
fibrous gypsum (Gf) filling syneresis cracks. E) Intercalation of Calcarenites (Lc) and
Calcilutites (Lt). F) Intercalation of Calcarenites (Lc) and small layers of fibrous Gypsum (Gf).
G) Calcarenites with climbing-ripples.
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FIG. 4—Association of lake margin facies, Wave-dominated Coastal Lake Environment
(WCLE). A) Macambira Outcrop. B) Planolites trace fossil. C) Spongeliomorpha trace fossil.
D) Very compacted skeletal Ostracod Grainstone and micrite calcite (Mc), in the east part
occurs a set of ostracode valves in cup-in-cup structure. E) Same facies as picture D under
crossed nicols lighting. D and E Scale bar: 1mm.
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FIG. 5.—Association of low-energy facies, Distal Lake Environment (DALE). A) Macambira
Outcrop. B) Calcilutites with rare quartz grains on a micritic matrix. C) Same facies as picture
B under crossed nicols lighting. D) Calcilutites laminated on a micritic matrix. E) Same facies
as picture D under crossed nicols lighting; B-E Scale bar: 200um.




48

FIG. 6.—Petrolandia Outcrop, mudstones (Fm and FI) and subordinate calculutites (Lt).

T

FIG. 7.—Relative number of individuals per taxon in the fossiliferous assemblage analyzed
from the Capianga Member.
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FIG. 9.—Percentage values of elements according to the Fluvial Transport Index (FTI).
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FIG. 10.—Middle caudal vertebra of the basal theropod Dilophosauridae. A) Fractures (frt). B)
Abrasion marks (ab). Scales 1cm.
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FIG. 11.—Coloration of teeth and vertebrae. A-D) theropod vertebra, scale 1 cm. E-G) aff.
Planohybodus teeth, scale 0.5 cm. H-1) aff. Planohybodus teeth, scale 0.25 cm.

FIG. 12.—Taphonomic classes observed in the fossil assemblage of the Capianga Member.
Scales: 1 cm.




FIG. 13.—Taphonomic patterns observed in the Taphofacies A (TF-A). Scales: 2 cm.
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FIG. 14.—Taphonomic patterns observed in the Taphofacies B (TF-B). Scales: 2 cm.




FIG. 15.—Taphonomic patterns observed in the Taphofacies C (TF-C). Scales: 2 cm.
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FIG. 16.—Middle caudal vertebra of the basal theropod Dilophosauridae found in TF-C
(described in De Oliveira et al., 2022). Scales: 1 cm.

FIG. 17.—Lake System divided into Wave-dominated Lake Coast Environment and Distal
Lake Environment.
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FIG. 18.—Taphonomic model integrating the interpreted taphofacies of the Capianga Member.
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TABLE 1.—Summary of the facies of the Capianga Member in the Jatoba Basin, including the
lithofacies code, description, sedimentary structures and interpretation.

mottled levels

CODE | LITHOFACIES DESCRIPTION AND SEDIMENTARY INTERPRETATION
STRUCTURES
Fm Massive Mudstone | Massive reddish to purplish mudstones with | Deposits formed under

suspended load in subaqueous
suspension fallout from muddy
sheet floods in floodbasin under
oxidizing conditions during and
post-deposition (Abdul Aziz et
al., 2003).

more common, and light dark gray (mosaic
gypsum). Tabular and undulate lamination
from millimeter to centimetric scale. May
feature dolomudstone lenses on a millimetre
scale.

Fl Laminated shales Red, brown shales with millimetric horizontal | Deposits originated under the
lamination demarcated by interbedded | action of subaqueous currents
brownish and whitish levels. Generally | subaqueous in suspension fallout
tabular, and rarely lenticular, centimetric | in predominant lower flow
thickness laminae. Shales have decimetric | regime (Bohacs et al.., 2000;
intercalations of greenish clay siltites with | Abdul Aziz et al., 2003).
centimetric layers of reddish shales mottled
with "limestone nodules” and fine calciferous
sandstones.

Lt Calcilutites Olive-gray laminated siltstones and fine | Deposits of subaqueous currents,
sandstones, micaceous, Wwith horizontal | predominantly under lower flow
lamination. They occur in usually tabular, and | regime. Shallow lacustrine at top
rarely lenticular, layers of centimetric to | of upward shallowing sequence
decimetric thickness. (Heermance et al., 2013).

Lc Bioclastic Layers of yellow to brown laminated | Deposits formed by suspension

Calcarenites limestones composed of ostracode shells. | action in a low energy
These limestones may feature wavy marks | environment associated with
and desiccaction cracks at the top of the | intervals of subaerial exposure
layers, climbing-ripples, horizontal | on the shore of the lacustrine
lamination, and, more rarely, massive | environment, as a shallow-
structure. water, nearshore lacustrine
deposit (Gore, 1989; Bohacs et
al.., 2000).
Gf Fibrous Gypsum White gypsum (fibrous/prismatic gypsum), | Precipitation of evaporites in

calm waters below the wave
base. Seasonal variations in
brine depth. In situ gypsum
formed at low lake level. Capped
by flooding surface during

lake transgression (Heermance
etal., 2013).
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Scl

Fine calcareous
sandstones,  with
cross-laminaton

White fine calcareous sandstones, with cross-
laminaton is arranged in layers or intercalated
levels in both mudstones and shales. These
sandstones present as sedimentary structures
ripple marks and mud cracks at the top of the
layers, climbing-ripples cross-laminations,
horizontal lamination and, more rarely,
massive structure.

Deposits formed under
suspension action in a low
energy environment. Presence of
subaerial exposure level and
sedimentation pause

TABLE 2.—Table with type and number of specimens found in the Capianga Member, and
their relative NISP and FTI numbers.

SKELETAL ELEMENTS % NISP FTI
scales 32 40 -
teeth 20,8 26 -

vertebra 2,4 3 76,21
shark spines 1,6 2 -
humerus 0,8 1 57,77
femur 0,8 1 24,26
osteoderm 0,8 1 -
partial mandible 0,8 1 34,56
unidentified bones 49 50 -




58

TABLE 3.—Integration of the observed taphofacies with the lithofacies and the pre-burial

period.

TAPHOFACIES

TAPHONOMIC
CLASS

TAPHONOMIC
CHARACTERISTICS

LITHOFACIES

PRE-BURIAL
PERIOD

TF-A

Class 1: Isolated, small
and medium-sized,
incomplete to rarely
complete bones and
scales.

Fractured, abrasion marks.

Calcarenites (Lc)

Short to medium

TF-B

Class 2: small to
medium-sized bones,
osteoderms, teeth and
isolated scales
(bonebeds).

Fractured, abrasion marks.

Calcarenites (Lc)

Medium to long

TF-C

Class 2: isolated semi-
complete bones and
isolated teeth.

Few fractures, abrasion
marks

Calcilutites (Lt)

Short
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Abstract:

In South America, little is known about Jurassic dinosaurs, contrasting with the extensive
record of the late Triassic and Cretaceous, mainly in a vast area corresponding to the northern
half of South America (west Gondwana). Herein, we describe for the first time a theropod
dinosaur recovered from the Alianca Formation of the Jatoba Basin, represented by a caudal
vertebra. Compared with theropods from the Jurassic, the specimen from Brazil is closer
related to the basal neotheropods such as Dilophosaurus wetherilli, from the early Jurassic of
North America. Basal neotheropods exhibited a worldwide distribution during the early
Jurassic period, as suggested by the record in North America, South Africa and Antarctica.
Thus, the new record from the Brazil suggests the survival of the basal lineage represented by
Dilophosaurus and close relatives during the Middle-Late Jurassic. The new fossil occurrence
described here also enables a worldwide correlation, reinforcing a Jurassic rather than a Late
Triassic age for the Alianga Formation, for which it is provisionally assigned a Middle-Late

Jurassic age.

Key Words: caudal vertebra, taxonomy, Neotheropoda, Gondwana, paleobiogeography, South

America.
1. Introduction

Jurassic theropod dinosaurs reported from the supercontinent of Gondwana are still very

poorly known (Rauhut and Pol, 2021), mainly in the portion corresponding to northern South
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America (west Gondwana), which has been considered a poorly sampled zone (Goodwin et al.,
2019). Apart from the west Gondwana, theropods are known from the Upper Elliot Formation
of South Africa (Yates, 2005), Tendaguru Formation of Tanzania (Rauhut, 2011), Kadsi
Formation of Zimbabwe (Raat and Mclntosh, 1987), Mugher Mudstone Formation of Ethiopia
(Goodwin et al., 1999), Tiouaren Formation of Niger (Rauhut and Lépez-Arbarello, 2009), all
from Africa. Other theropod records include the Tacuarembd Formation of Uruguay (Perea et
al., 2009; Soto et al., 20204, b), Toqui Formation of Chile (Novas et al., 2015), Sergi Formation
(Jatobéa Basin, northeastern Brazil) (Bandeira et al., 2021) and Guara Formation (Parana Basin,
southern Brazil) (Scherer and Lavina, 2005; Dentzen-Dias et al., 2007, 2008; Francischini et
al., 2015, 2018), Cafiaddn Asfalto and Cafiadén Calcéareo formations of Argentina (Rauhut and
Pol, 2017, 2019, 2021) and Hanson Formation of Antarctica (Smith et al., 2007).

In northeastern Brazil, dinosaurs are represented in Jurassic and Cretaceous faunas, with
the record of the latter period being much more numerous, with several Cretaceous dinosaur
taxa (including also ichnofossils) described for the Araripe (Carvalho et al., 2020; Sayao et al.,
2020), Sousa-Uirauna-Brejo das Freiras (Leonardi and Carvalho, 2007; Ghilardi et al., 2016),
and Sé&o Luis-Grajau (Parnaiba) basins (Bittencourt and Langer, 2011). In contrast, records of
Jurassic dinosaurs in Brazil, as in the rest of the Southern Hemisphere, are quite rare. The first
one includes a dinosaur ichnoassemblage composed of theropod, ornithopod, and sauropod
tracks from the Late Jurassic Guara Formation (Parana Basin, southern Brazil) (Dentzien-Dias
et al., 2007, 2008; Francischini et al., 2015, 2018). From the Brejo Santo Formation (Araripe
Basin), in the State of Ceard, an isolated vertebra was identified as Dinosauria indet. (Melo and
Carvalho, 2017). More recently, a poorly preserved isolated vertebra assigned to
Charcarodontosauria was also described (Bandeira et al., 2021). However, the material comes
from an uncertain lithostratigraphic unit of the Jatoba Basin, in the locality of Petrolandia, State
of Pernambuco (Bandeira et al., 2021) (Fig. 1A).

Among the potentially dinosaur-bearing units in the state of Pernambuco, the Araripe
and Jatobé basins stand out (Naish et al., 2004; Bandeira et al., 2021). We have been conducting
fieldwork in the Jatoba Basin, in the locality of Ibimirim, with geological and paleontological
survey objectives. New stratigraphic and paleontological data for the Jurassic and Cretaceous
of the Jatoba Basin have been reported in recent years, with new invertebrate and vertebrate
fauna (Silva et al., 2010; Guzman-Gonzalez et al., 2016, 2020; Carvalho et al., 2021; Almeida-
Lima et al., 2022). In new fieldwork, prospecting was concentrated in the locality of

Macambira, in the municipality of Ibimirim, where the Alianca and Sergi formations outcrop
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(Fig. 1C). In this locality, numerous vertebrate fossils were collected, including several remains
of tetrapods. This paper describes an isolated caudal vertebra of a dinosaur for the first time for
the Alianca Formation. The material is taxonomically identified and its age and
paleobiogeographic significance discussed. We provide the first formal description of an
isolated caudal vertebra of a dinosaur for the entire Alianga Formation in Reconcavo-Tucano-
Jatoba rift system.

2. Geological setting

The Jatoba Basin belongs to the Reconcavo-Tucano-Jatoba Rift system, which is located
in northeastern Brazil. In this basin, the early rift event (Late Jurassic-early Cretaceous) is
related to the formation of the South Atlantic Ocean (Fambrini et al., 2010, 2019). The
stratigraphic succession that represents the early rift phase is characterized by the Brotas Group,
which is composed mostly of continental rocks comprised from the base to the top by the
Alianca and Sergi formations (Viana et al., 1971; Pierini et al., 2010; Kuchle et al., 2011;
Fambrini et al., 2019; Guzman-Gonzalez et al., 2020). The Brotas sedimentary succession is
believed to be deposited during the Dom Jodo local Stage/Tithonian Stage/Age (latest Jurassic)
in the central and northern regions of Gondwana, covering northeastern Brazil and western
Africa (Kuchle et al., 2011). The Alianga Formation consists of a succession of reddish
claystone as well as shale and siltstone interbedded with limestone, sandy limestone, or
calcarenites (Guzman-Gonzalez et al., 2020). In the Reconcavo and Tucano basins, State of
Bahia, the Alianca Formation is subdivided into two members: Boipeba and Capianga (Caixeta
etal., 1994; Costa et al., 2007; Magnavita et al., 2012). The lower member Boipeba is composed
mainly of arkosic, fine- to medium-grained sandstone with well-developed crossbeds. Some
sandstone bodies are conglomeratic and contain intraclasts of shales from underlying units. The
Boipeba member is related to a fluvio-aeolian sedimentation. The upper member Capianga
represents a lacustrine sedimentation in the Jatoba Basin (Costa et al., 2007; Fambrini et al.,
2019), consisting of red, purple to maroon, silty micaceous shale and mudstone with scattered
green spots. Thin white sandy or carbonated layers are repeated cyclically throughout the
section. Near the base, lenses of light-gray arkosic sandstone, shale, and laminae of gypsum
and anhydrite are present. Thin-bedded dense limestone and chert are also found. The upper
part of the Capianga Member is characterized by a coarsening and thickening upward
succession, defining a gradational contact with the Sergi Formation (Scherer et al., 2007). The
presence of evaporites, chert and ephemeral fluvial systems are features very common in playa

lake systems such as the Alianga Formation at Reconcavo Basin (Scherer et al., 2007) and



63

Jatoba Basin (Fambrini et al., 2016), and the correlative Brejo Santo Formation in Araripe Basin
(Fambrini et al., 2013). According to Guzméan-Gonzalez et al. (2020) the playa lake of the
Capianga Member presents a stable hydrology with a positive balance between precipitation

and evaporation.

In the locality of Macambira, Jatoba Basin, the Alianca Formation is represented only
by the Capianga Member. This unit presents abundant remnants of nonmarine ostracods,
sometimes forming decimetric intervals of pure bioclastite limestones (Guzman-Gonzélez et
al., 2016, 2020). The pelites themselves contain carapaces of ostracods, which makes them
commonly calciferous, and have typical forms of the Dom Joéo local stage, discussed below.
In addition, the Capianga Member is characterized by abundant fossil remains of vertebrates,
including teeth and spines of freshwater sharks (hybodontiforms) gathered in layers of
bonebeds, freshwater conchostracans, and isolated and disarticulated bones and cranial
fragments of the large fish coelacanth Mawsonia gigas, tooth plate of the Dipnoi
Ceratodontidae, scales of Lepidotes, osteoderms and vertebrae of Crocodylomorpha, and some
plant remains (Derby, 1878, 1880; Silva et al., 2010, 2011; Carvalho et al., 2021).

In the locality of Macambira (Fig. 1C), numerous vertebrate fossils were collected
including several remains of tetrapods (Fig. 2), which includes the theropod vertebra discussed
below. According to its nonmarine ostracod content, the Alian¢a Formation corresponds to the
local RT-001 biozone, Dom Jodo Stage of the Recéncavo Basin (Viana and Van Hinte, 1966;
Viana et al., 1971; Poropat and Colin, 2012; Guzman-Gonzalez et al., 2020; Mendes et al.,
2020; Almeida-Lima et al., 2021), assigned to the Late Jurassic. The ostracode biostratigraphy
corresponds to Theriosynoecum pricei biozone, which in the Aliangca Formation is characterized
by an association including Theriosynoecum pricei, T. uninodosa, T. quadrinodosum,
Reconcavona? jatobaensis, and Alicenula? spp. (Guzman-Gonzaélez et al., 2016, 2020).

Based on the biostratigraphy, we followed a Jurassic age rather than Late Triassic for
the Capianga Member of the Alianga Formation, but extended the time span back into the
Middle Jurassic, considering other evidences (e.g. sharks and bony fishes, radiometric data)

(see below).

3. Material and methods
3.1. Repositories and institutional abbreviations
The specimen described here comes from the outcrops of the Alianga Formation, in the

municipality of Ibimirim, close to the locality of Macambira (Fig. 1), and is housed in the



66

collections of the Paleontology Laboratory (PALEOLAB) of the Department of Geology, from
the Center of Technology and Geosciences of the Federal University of Pernambuco (DGEO-
CTG-UFPE).

3.2. Anatomical abbreviations

ns, neural spine; prz, prezygapophysis; tp, transverse process; vg; ventral groove.

4. Results

4.1. Systematic palaeontology

Dinosauria Owen, 1842

Saurischia Seeley, 1887

Theropoda Marsh, 1881

Neotheropoda (Bakker, 1986)

Material. Incomplete middle caudal vertebra, DGEO-CTG-UFPE 8538 (Fig. 3).

Description. The specimen corresponds to an isolated caudal vertebra with the base of
the right neural arch, proximal portions of the transverse processes, and the right
prezygapophysis. Concerning the anatomy of the vertebra, the anteroposteriorly elongate
proportions of the centrum body and the presence of transverse processes indicate that DGEO-
CTG-UFPE 8538 is a middle caudal vertebra. Compared to the described caudal vertebrae
sequence for Dilophosaurus wetherilli (Marsh and Rowe, 2020), DGEO-CTG-UFPE 8538
compares well with the 39" and 40" (12™" caudal) vertebrae. Distal and proximal epiphyses
show signs of abrasion (Fig. 4). The articular faces are amphicoelous, with the anterior about
oval in outline and shallowly concave, while the posterior facet is sub-circular in outline and
more deeply excavated. Both articular surfaces are wider dorsally.

The body of centrum is elongated, relatively low, and poorly arched ventrally in the
lateral view. There is no evidence of the presence of vertebral pneumaticity (pleurocouels). In
the dorsal view (Fig. 4A, B), the neural canal becomes narrower in the midline. The vertebra is
only moderately constricted between the articular surfaces in the dorsal and ventral views.
Therefore, in the ventral view (Fig. 4C, D), the centrum exhibits a weakly hourglass shape. In
the lateral view (Fig. 4E, F), the outline of the broken transverse process is oblong, with the
base indicating that it was mainly directed laterally and placed slightly posterior to the
midlength of the centrum. The transverse process was probably horizontal and slightly
posteriorly directed, as suggested by the small proximal portion preserved in the posterior view.
The prezygapophysis is well developed, exhibiting a strong base, and protrudes upwards and
forwards, running almost parallel to the dorsal margin of the vertebra, and projecting slightly

beyond the anterior rim of the centrum. The prezygapophysis forms a ~30° angle with the dorsal
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surface of the centrum. In the ventral view, the vertebra has a very wide and long ventral groove
that covers the entire ventral surface of the centrum, reaching the rim of the posterior articular
facet, so that the ventral contour of this facet is slightly concave (Fig. 4C, D). The groove is
delimited by straight and well-marked ridges.

5. Discussion

5.1. Comparison and systematic affinities

The dimensions of the specimen suggest that it belonged to a medium-sized dinosaur.
The generalized condition of DGEO-CTG-UFPE 8538 (Figs. 5A) compares better with basal
neotheropods (Fig. 5B; see below), differing from basal Ceratosauria (e.g. llokesia or Tetanurae
(Allosaurus) (Figs. 5C, D). In relation to the theropod fossils described for Middle and Late
Jurassic from the Gondwana, the specimen described here only superficially resembles the
ventrally grooved caudal vertebrae of theropods assigned to Tetanurae or Ceratosauria (Figs.
51-L), which have been recorded in at least five localities in the Southern Hemisphere (Fig. 6B).
Ceratosaurid theropods have been reported for the Tacuarembd Formation in Uruguay,
however, only through isolated teeth (Soto et al. 2020b). Below, we compare DGEO-CTG-
UFPE 8538 with described caudal vertebrae specimens from Argentina, Tanzania, and Brazil
(Sergi Formation), as well as with the Early Jurassic Dilophosaurus wetherilli from North
America.

The literature describing theropods from the Late Jurassic of Africa includes several
vertebrae comparable to DGEO-CTG-UFPE 8538, including the caudal vertebra MB R 2162
assigned to Ceratosaurus(?) roechlingi (a nomem dubium according to Rauhut, 2011) and to
MB R 1938 of Veterupristisaurus milneri, both described for the Tendaguru Formation,
Tanzania (Rauhut, 2011; Figs.5E, 1, J). Comparisons with the African theropod vertebrae are
as follows. DGEO-CTG-UFPE 8538 share with MB R 1938 the transverse process placed
slightly posterior to the midlength of the centrum, and the presence of a ventral groove.
However, DGEO-CTG-UFPE 8538 differs from MB R 1938 in having a much less arched
ventral outline in the lateral view, the centrum poorly constricted between the articular ends,
and a deeper and well-marked longitudinal ventral groove. The MB R 2162, which is more
incomplete, exhibits a remarkable similarity to DGEO-CTG-UFPE 8538: both vertebrae share
the presence of a broad and deep longitudinal ventral groove, which is bordered laterally by
sharp ridges and occupies a major part (half) of the ventral surface. Rauhut (2011) discusses
this feature in detail, noting that the presence of a ventral groove, originally interpreted as a

synapomorphy of Ceratosauria (Rowe and Gauthier, 1990; Tykosky and Rowe, 2004) has a
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much wider distribution in theropods, although there is substantial variation in this character.
According to Rauhut (2011), this character state is widespread in basal theropods and cannot
constitute a synapomorphy of Ceratosauria. This feature optimizes as a general character state
in basal theropods on those tree topologies that advocate a position of ‘dilophosaurs’ and
neoceratosaurs as subsequently closer outgroups to Tetanurae (Rauhut, 2011). In short, we ruled
out relationships of DGEO-CTG-UFPE 8538 with Averostra, particularly with tetanurans and
ceratosaurians, considering the absence of derived characters from this group in the Brazilian
material (see e.g. Coria and Salgado, 1998; Pol and Rauhut, 2012; Bandeira et al., 2021).

For Argentina, the literature reports caudal vertebrae for the Cafiadon Asfalto Basin of
the Chubut Province, with records for two units: Cafiadon Asfalto (early Middle Jurassic) and
Cafiadén Calcareo (Late Jurassic) formations. In comparison with the caudal vertebra of
Condorraptor currumili (Tetanurae; Fig. 5K) from the Cafiaddn Asfalto Formation (Rauhut,
2005), DGEO-CTG-UFPE 8538 shares with this species an elongated centrum, transverse
processes that are mainly laterally and slightly posteriorly oriented, and the presence of a
longitudinal ventral groove. In contrast, DGEO-CTG-UFPE 8538 has a much broader (at least
twice as wide) and longer longitudinal groove as well as the lower vertebra body than C.
currumili. Compared to with the caudal vertebra described for Pandoravenator fernandezorum
(Tetanurae) from the Cafiadon Calcareo Formation, Argentina (Rauhut and Pol, 2017), DGEO-
CTG-UFPE 8538 resembles this species by the elongated body of the centrum and by the more
anteriorly than dorsally inclined prezygapophyses. However, DGEO-CTG-UFPE 8538 differs
from that species in that the centrum is hexagonal in outline and the posterior end of the centrum
extends slightly further ventrally than the anterior end to form the chevron facets. Despite the
similarities mentioned above, DGEO-CTG-UFPE 8538 lacks the strongly elongated
prezygapophysis observed in tetanurans (Rauhut, 2011), which rules out a closer relationship
with theropods of this group. More recently, another caudal vertebra associated with other
skeletal remains from the Cafiadon Asfalto Formation was described by Rauhut and Pol (2021),
and tentatively assigned to Abelisauridae (Ceratosauria). The material, however, is extremely
fragmentary, providing few diagnostic features, and was identified as a distal caudal vertebra
while DGEO-CTG-UFPE 8538 is a middle caudal vertebra. However, for a non-illustrated
specimen, is reported the presence of a “very slightly developed, broad longitudinal groove
ventrally” (Rauhut and Pol, 2021), which resembles in this feature the specimen described here.
However, DGEO-CTG-UFPE 8538 lacks derived features of ceratosaurian abelisaurids such as

the position of the transverse process along the anteroposterior axis of the neural arch that varies,
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being located in the middle or in the posterior half of the vertebra, and the prezygapophysis is
straight and anterodorsally oriented (Méndez, 2014).

When compared to the Carcharodontosauria (Allosauroidea) material described for the
Sergi Formation, Brazil (Bandeira et al., 2021; Figs. 5F, L), DGEO-CTG-UFPE 8538 differs
from it in at least three features: vertebra weakly constricted between the ends (or less
hourglass-like), longer longitudinal groove, broader and bordered laterally by sharp ridges, and
the anterior articular surfaces sub-triangular instead of sub-circular. Both compared vertebrae
are similar in size; however, the Sergi Formation specimen preserved only the centrum,
preventing a more detailed comparison. It is not clear from the illustrations whether the
longitudinal ventral groove and “ventral keels” are preserved (Bandeira et al., 2021). Pending
better-preserved materials in the Sergi Formation, we discarded close phylogenetic
relationships between both specimens.

DGEO-CTG-UFPE 8538 displays a set of plesiomorphic features present in Triassic
and Early Jurassic taxa (e.g. elongated centrum, poorly anteriorly expanded prezygapophysis,
and presence of longitudinal ventral groove). The centrum has a length 1.9 times their height
(ratio of length 38.4 x anterior height 20.2 mm equal 3.2), similar to that of many middle caudal
vertebrae of Triassic and Early Jurassic taxa (see e.g. Pretto et al., 2015; Nesbitt et al., 2019;
Marsh and Rowe, 2020), which the ratios ranges from 1.94 to 2.9. However, the general
anatomy of DGEO-CTG-UFPE 8538 compares well with the caudal vertebrae of the basal
neotheropod Dilophosaurus wetherilli (Figs. 5B, H), from the Early Jurassic of North America
(Marsh and Rowe, 2020). These similarities include a character combination of an elongated
caudal centrum body, morphology and extension of the prezygapophysis, presence of a
pronounced longitudinal ventral groove, transverse processes positioned slightly posterior to
the midlength of the centrum, and the anterior articular face about oval in outline and the
posterior facet sub-circular in outline. DGEO-CTG-UFPE 8538 and Dilophosaurus share a
similar length x anterior height centrum ratio (1.9 DGEO-CTG-UFPE 8538 and 2.0 in
Dilophosaurus), but DGEO-CTG-UFPE 8538 exhibits a stronger transverse process. Current
basal theropod phylogenies have recovered two well supported nodes such as Neotheropoda
and Averostra (Yates, 2005; Marsh and Rowe, 2020). In turn, Neotheropoda is composed by a
clade that encompass Coelophysoidea and the clade Dilophosauridae (Hendrickx et al., 2015;
Rauhut and Pol, 2021). However, Marsh and Rowe (2020) no recover a monophyletic
Dilophosauridae. From a Gondwana perspective (Fig. 6A), it is interesting to note that

Dracovenator, an Early Jurassic neotheropod from South Africa, has been recovered as a closer
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outgroup to it or even the sister taxon to Dilophosaurus (Yates, 2005; Rauhut and Pol, 2021).
Assuming the probable phylogenetic relationship between DGEO-CTG-UFPE 8538 and
Dilophosaurus, the presence of a basal neotheropod in the Alianga Formation constitutes a very
interesting taxonomic and temporal data for the evolution of the basal neotheropod faunas (see
below). Unfortunately, the material studied is scarce, but it opens new perspectives for future
discoveries of basal neotheropods in the Jurassic of northern South America.

5.2. Age of the Alianca Formation and paleobiogeography

The Alianca Formation has been considered Late Jurassic for several decades (Viana
and Van Hinte, 1966; Schaller, 1969; Viana et al., 1971; Da Rosa and Garcia, 2000; Guzman-
Gonzélez et al., 2016; Almeida-Lima et al., 2022), but recent geochronological studies have
indicated an older age for this unit (e.g. Thomaz-Filho and Lima, 1981; Silva et al., 2012).
Traditionally, the presence of typical Jurassic invertebrate and vertebrate (mainly fishes) taxa
(see below), as well as non-marine ostracods, together with comparisons to the related
lithostratigraphic units, suggested a Late Jurassic/Thitonian age. However, published
radiometric dates extend the age of the Alianca Formation back into the Late Triassic (see
below), greatly contradict the biostratigraphic schemes. The first published absolute age for the
lower part of the Alianca Formation resulted in an age at 165 + 15 Ma (Thomaz Filho and Lima,
1981), indicating a late Early-Late Jurassic age for this unit. Although very undefined, this
interval is not considered by us to be improbable, considering some vertebrate taxa such as aff.
Planohybodus sp. and Mawsonia (Fig. 7) with first occurrences in the Middle Jurassic
(Bathonian). Another radiometric dating applied to the Alianga Formation was performed by
Silva et al. (2012) using Rb/Sr whole-rock isochron method in clay minerals, indicating an
original depositional age assigned to the Late Triassic for the Alianca Formation (226 + 6 Ma.).
Silva et al. (2012) also dated the rift phase Itaparica Formation, with results at 224 + 32 Ma.
Although those authors recognize the great imprecision (estimate error) of this age (+ 32 Ma)
due to the fact that clay minerals may still be recording the source area of the sediment, and not
necessarily the original depositional age of the sedimentary rock, they sustain that the Alianca
Formation is Late Triassic. On the basis of the same method, the Bananeira Formation from the
Sergipe-Alagoas Basin, a correlative unit to that of the Alianca Formation, was dated at 227.2
+ 2.2 Ma (Silva et al., 2006). To support your isotopic data, Silva et al. (2012) argue that
equivalent units in the Gabon Basin were dated as Middle Jurassic by palynology (Arai et al.,
1989), and the endemic nature of non-marine ostracods, upon which the main biostratigraphic

scheme of the Reconcavo Series is based, does not allow significant progress other than that
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already achieved with correlation with reference sections. We agree with the endemic character
of ostracods, but the palynology data indicate an age within the Jurassic and not the Triassic.

In view of the current paleofaunistic knowledge of the Alianca Formation we see a Late
Triassic age for this unit as not plausible. Stratigraphic relationships with other units indicate
that upper part of the Alianga Formation contact with the Sergi Formation, and both units have
contact unconformable with lower Cretaceous units such as the Candeias Formation, in the
Jatoba Basin (Fambrini et al., 2019). On the other hand, the lower contact of the Alianca
Formation does not establish an age limit, since this unit is deposited on the marine devonian
rocks (Inaja Formation).

Figure 7 shows a comparison of different ages and fossils source. The well-represented
genus Theriosynoecum in the Alianca Formation has a stratigraphic range from the Middle
Jurassic (Upper Bajocian?- Bathonian) to Early Cretaceous (middle? Albian), questionably Late
Cretaceous (Cenomanian) (Sames, 2016). As see above, aff. Planohybodus sp. suggests a range
from Bathonian (Middle Jurassic) to Berriasian (Early Cretaceous). The species Planohybodus
marki, previously referred for the Alianca Formation (Silva et al., 2011), is a nomem dubium
(Stumpf et al., 2021). Other evidence comes from microfossils. In this respect, the most used
biochronological scheme is based on the ostracod taxa which defined the Theriosynoecum
pricei biozone, commonly assigned to the Late Jurassic (Viana et al., 1971; Poropat and Colin,
2012; Guzmén-Gonzélez et al., 2016, 2020; Carvalho et al. 2021; Almeida-Lima et al., 2022).
Another important dating source includes palynological data of related units assigned to Late
Jurassic such as the Missdo Velha Formation of the Araripe Basin (Coimbra et al., 2002) and
the M'VVone Formation of the Gabon Basin (Da Rosa and Garcia, 2000; Mounguengui et al.,
2002, 2008). Although they are abundant in the Alianga Formation, ichnofossils has not been
studied. Preliminary identification of these lacustrine trace fossils, such as Spongeliomorpha,
from the nonmarine Scoyenia ichnofacies (Buatois and Mangano, 1995, 1998; Buatois et al.
1996; Melchor et al. 2006, 2009), suggest a Early to Late Jurassic age (Sinemurian-Tithonian
range) (e.g. Fursich, 1973; Melchor et al. 2006). Concerning the dinosaur described here, its
basal condition regarding avesrostrans raises an important question about the Late Jurassic age
currently considered for the Alianca Formation. Our comparative studies point to a
morphological condition that best compares to the late Triassic and Early Jurassic taxa. As seen
above, among these taxa, a greater combination of characters is shared between DGEO-CTG-
UFPE 8538 and Dilophosaurus, from the Early Jurassic of North America. Thus, we assume

that DGEO-CTG-UFPE 8538 constitutes a conservative (plesiomorphic) morphology surviving
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post-early Jurassic in east Gondwana. Coupled with the other evidences (first stratigraphic
occurrence of some genera, Fig. 7), we suggest moving back the age of the Alianga Formation
into the Middle Jurassic, then assigning a Middle-Late Jurassic age span to this unit. Comparing
the record of the basal neotheropod in the Alianga Formation with those of theropods reported
for the Middle and Late Jurassic from South America, we note two marked differences: (1) only
Averostra (Tetanurae and Ceratosauria) are reported for the known faunas on the basis of
osteological/teeth evidence (Rauhut and Pol 2017; Rauhut and Pol 2021; Soto and Perea 2008;
Soto et al. 20204, b); and (2) the ichnological record of the Guara Formation is composed by
quadrupedal tracks (ankylosaurian), closely related to those described for the early Cretaceous
ichnotaxa (Francischini et al., 2018) and a large theropod (Dentzien-Dias et al., 2007). Finally,
the presence of a basal neotheropod in the Early Jurassic of South Africa (Yates, 2005), and
now in the Middle-Late Jurassic of northern South America, both related to Dilophosaurus from
North America, expands the taxonomic and paleobiogeographic data, strengthening the
presence of these basal dinosaurs in the Gondwana. Basal neotheropods exhibited a worldwide
distribution during the Early Jurassic period, as suggested by the records in North America,
South Africa and Antarctica (Smith et al., 2007). Thus, the new record from the Brazil suggests
the survival of the basal lineage represented by Dilophosaurus and close relatives during the
Middle-Late Jurassic from the west Gondwana.

6. Conclusions

The fossil described here represents the first dinosaur for the Alianga Formation fauna,
a Jurassic assemblage previously represented by hybodontiforms and bone fishes, basal
crocodylomorphs, and microfossils. This record represents the second theropod dinosaur from
the Jurassic of the Jatoba Basin, taking into account a recently published theropod for the Sergi

Formation.

The Jurassic Brazilian vertebrae compares well with the caudal vertebrae of the basal
theropod Dilophosaurus wetherilli (Neotheropoda), from the Early Jurassic of North America,
including a character combination of an elongated caudal centrum body, morphology and
extension of the prezygapophysis, presence of a pronounced longitudinal ventral groove,
transverse processes positioned slightly posterior to the midlength of the centrum, and the

anterior articular face about oval in outline and the posterior facet sub-circular in outline.

Basal neotheropods exhibited a worldwide distribution during the Early Jurassic period,

as suggested by the records in North America, South Africa and Antarctica. Thus, the new
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record from the Brazil suggests the survival of the basal lineage represented by Dilophosaurus
and close relatives during the Middle-Late Jurassic.

A review of the previously published stratigraphic and biostratigraphic data of the
Alianca Formation no support the currently accepted Late Jurassic (Tithonian) age. However a
Late Triassic age as suggested by radiometric ages is unlikely. The new fossil evidence
described here, constitutes a world-wide correlation fossil, reinforcing a Jurassic rather than a
Late Triassic age for the Alianca Formation. Coupled with the other faunistic evidences, we
suggest moving back the age of the Alianca Formation into the Middle Jurassic, then assigning
a Middle-Late Jurassic age span to this unit. New stratigraphic and faunistic data are needed to

confirm or modify this new assessment.
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Figure 1 - Geographic and stratigraphic location of the studied specimen. A: lithological
framework of the Jatoba basin and the location at the Macambira locality. B: Location of the
Jatiba Basin in South America and Brazil. C: Geological map of the Jatoba basin; D: Regional

geological map.
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Figure 2 - Stratigraphic section of the Alianga Formation at the locality of Macambira, Jatoba
basin, NE Brazil. A: Log section of studied outcrop; B: Detail of the upper layer of calcilutite;
C: ripple marks in marbles; D: trace fossils of Spongeliomorpha; E: Detail of the laminated
red mottled siltstones facies, where the vertebra was collected (Fl); F: general view of the

dinosaur outcrop.
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Figure 3 - Detail of the vertebra on the laminated red mottled siltstones. Scale bars represent:

20 mm.

Figure 4 - Incomplete middle caudal vertebra, DGEO-CTG-UFPE 8538. A: rigth lateral view;
B: left lateral view; C: dorsal view; D: ventral view; E: anterior view; F: posterior view. Scale

bars represent: 10mm.
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Figure 5 - Vertebrae of theropod dinosaurs. A: DGEO-CTG-UFPE 8538, inverted lateral
view; B: Dilophosaurus wetherilli (Marsh and Rowe, 2020), lateral view; C: Allosaurus
fragilis (redrawn from Madsen, 1976), lateral view; D: llokelesia aguadagrandensis (redrawn
from Coria and Salgado, 1998, lateral view; E: Veterupristisaurus milneri (Rauhut, 2011),
lateral view; F: Carcharodontosauria indet. (Bandeira et al., 2021), lateral view; G: DGEO-
CTG-UFPE 8538, ventral view; H: Dilophosaurus wetherilli, ventral view; I: Ceratosauria
(“Ceratosaurus (?) roechlingi” (Rauhut, 2011), ventral view; J: Veterupristisaurus milneri
(Rauhut, 2011), ventral view; K: Condorraptor currumili (Rauhut, 2005), ventral view; L.:

Carcharodontosauria indet. (Bandeira et al., 2021), lateral view. Not to scale.
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Figure 6 — (A) Early Jurassic theropod localities from the Pangea; (B) Middle and Late

Jurassic theropod localities from the Gondwana.
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Figure 7 — Biochrons of the taxa identified to generic level in the Alianga Formation, and
K/Ar age. References: (1) Ostracoda Theriosynoecum (Sames, 2011); (2) Hybodontiformes,
aff. Planohybodus sp., (Rees and Underwood, 2008; Silva et al., 2011); (3) Actinistia,
Mawsonia, Rauhut and Lépez-Arbarello (2009); (4) Thomaz-Filho and Lima (1981); (5)
DGEO-CTG-UFPE 8538.
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5 Conclusoes

1)

2)

3)

4)

5)

6)

Todos os fosseis de paleovertebrados coletados até o momento na Formagdo Alianca,
aflorante na por¢édo nordeste da Bacia de Jatobd, estdo representados por elementos 0sseos
desarticulados, exibindo um intenso grau de retrabalhamento. resultante de uma maior
duracdo do periodo de exposi¢do subaérea pré-soterramento/post-mortem, onde podem ter
atuado fatores tais como trampling (pisoteio) e possivelmente mastigacdo por
carnivoria/necrofagia.

Duas classes tafonémicas foram identificadas, a classe 1 é formada por 0ssos isolados, semi
completos (vértebras e 0ssos longos) a 0ssos raramente completos (e. g. osteodermos e
escamas), com relativa alteracdo diagenética, enquanto a classe 2 é formada por um
aglomerado de fdsseis de tamanho pequeno, por vezes formando bonebeds, incluindo
fragmentos dsseos indeterminados, dentes isolados, mandibulas incompletas e escamas,
exibindo alguns deles alteracdo diagenética.

A partir de dados litologicos e da colera sistematica de fosseis da Formagdo Alianca na
porcdo nordeste da Bacia do Jatobd, foram identificadas cinco litofacies para a Formacéo
Alianca: Fm - Argilitos macicos, Lt — Calcilutitos, Lc — Calcarenitos, Gf — Gipsita fibrosa
e Scl — Arenitos calciferos.

Através da integracdo dos dados tafondmicos com as litoféacies, identificou-se trés tafofacies
(TF-A, TF-B e TF-C). Estas tafofacies evidenciam que os eventos de retrabalhamento
observados nos fosseis da Formacdo Alianca tiveram como causa a acao de correntes
unidirecionais, de ondas de tempestades e do posterior rebaixamento do nivel do lago em
épocas mais quentes e secas, que remobilizaram os bioclastos. Desse modo, ciclos de baixa
e alta pluviosidade se sucederam em um provavel paleoclima quente no Gondwana
Ocidental, evidenciado nos estratos por niveis carbonaticos exibindo estratificacdes
cruzadas cavalgantes (climbig-ripples), argilitos macigos e niveis centimeétricos de gipsita.
Foi descrito o primeiro registro de dinossauro teropode da Formacdo Alianca e segundo
registro de dinossauro para a bacia. Sendo o registro, uma vertebra caudal atribuido ao grupo
dos Dilophosaurus.

Esse registro esta estreitamente relacionado a registros de Theropodas da Formacéo
Tendaguru na Tanzénia, reforcando a idade neojurassica para os estratos da Formacéo
Alianca. O registro de um teropode intimamente relacionado ao Dilophosaurus wetherilli
na Formacdo Alianga também constitui o registro do primeiro fossil ndo endémico com um

amplo poder de correlacdo paleobiogeogréafica e bioestratigrafica no Gondwana Ocidental.
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